During the past five years the low temperature heat capacity of simple semiconductors and insulators has received renewed attention. Of particular interest has been its dependence on isotopic masses and the effect of spin-orbit coupling in ab initio calculations. Here we concentrate on the lead chalcogenides PbS, PbSe and PbTe. These materials, with rock salt structure, have different natural isotopes for both cations and anions, a fact that allows a systematic experimental and theoretical study of isotopic effects e.g. on the specific heat. Also, the large spin-orbit splitting of the 6p electrons of Pb and the 5p of Te allows, using a computer code which includes spin-orbit interaction, an investigation of the effect of this interaction on the phonon dispersion relations and the temperature dependence of the specific heat and on the lattice parameter. It is shown that agreement between measurements and calculations significantly improves when spin-orbit interaction is included. 
I. INTRODUCTION
are lower than 0.006 GPa. The BZ is sampled using a 6 × 6 × 6 Monkhorst-Pack grid. 15 Technical details of the calculations of the phonon dispersion relations can be found in Ref. 16 and 17. Prior to obtaining the dynamical matrix the lattice parameter a 0 was optimized through minimization of the total energy. In the calculations we used this parameter and not the experimental one.
After obtaining the dispersion relations, the phonon free energy F was calculated with the integral given in Eq. (2) of Ref. 9 . The specific heat was obtained with the expression:
After calculating the dynamical matrix elements we diagonalized the Hamiltonian for two different sets of masses (either cation or anion) differing by about 5%. The resulting dispersion relations were then used to calculate the derivatives of C v with respect to either mass. The logarithmic derivatives were also calculated because they can be related to the corresponding derivative with respect to temperature. The appropriate relation is given in Eq. (4) of Ref. 9 for the case of a monatomic crystal. For diatomic crystals such relation is not as simple since both, derivatives of C v versus the masses of cation and anion must be added in order to obtain the temperature derivative:
where X = S, Se or Te, respectively.
When calculating numerically the derivatives above at very low temperatures (≤ 5K) one encounters a convergence problem because of the small values of C v and T . Fortunately, the limit T → 0 can be obtained analytically by using the Debye-T 3 approximation. The corresponding expressions are found in Eq. (5) of Ref. 9 .
III. EXPERIMENTAL PROCEDURE
Samples of PbX (X = S, Se, Te) were prepared by first reacting the corresponding pure elements and then subliming the product in an argon atmosphere.
In order to purify the lead isotope oxide layers on the metal pieces were removed by etching in diluted nitric acid and, in the case of natural lead, by cutting. Subsequently, the pieces were melted in silica ampoules in hydrogen or argon. Remaining oxide stuck to the ampoule wall after rocking and rolling the droplets at temperatures from 400 to 650 o C. The chalcogens were purified by sublimation and separation of the ampoule portion containing the residues. In the case of 130 Te, we first reduced 130 TeO with sulfur. 18 The synthesis was performed in argon by increasing the temperature to ∼650 o C of the chalcogen. In the sealed silica ampoule crystal growth took place by sublimation at temperatures of 750 to 850 o C under excess of the corresponding chalcogen. This resulted in a cabbage-like growth of the compound on the lead. A few platelets up to 4 × 4 mm 2 were obtained during 1 to 2 weeks. 19 The preparation and some properties of the PbS samples are described in some of the measured PbS samples were natural galena crystals.
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The heat capacities were measured between 2 and 280K with a PPMS system (Quantum Design, 6325 Lusk Boulevard, San Diego, CA.) as described in detail Ref. 8 .
We also measured natural galena crystals.
IV. DISPERSION RELATIONS
The phonon dispersion relations calculated along three high symmetry directions of the 
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The calculations without s-o coupling were already published in Ref. 9 . Note that the s-o interaction lowers all phonon frequencies, bringing the calculations in better agreement with the experiments except for the LO band where, on the average, the agreement is similar. As we shall see later, the decrease in the calculated frequencies raises he maximum in C v /T 3 , thus improving agreement with experimental data. be strongly renormalized downwards by the anharmonic interaction, even at low temperatures. By linearly extrapolating to T =0 the measured dependence of the TO frequency on temperature (from Ref. 25 ) we obtain an unrenormalized (harmonic) TO frequency of ∼13 cm −1 , rather close to that calculated with s-o interaction (∼ 14 cm −1 , cf. Fig.3 ). This low TO frequency for T ∼ 0K underscores the nearly ferroelectric nature of this material which would nominally become ferroelectric at ∼-70K. Se is smaller than that of Te. For PbS (cf. Fig. 1 ) no dip is present other than that already existed without s-o splitting. The gap is ∼ 0 for λ = 0 and 0.47 eV (also inverted) for λ =1.
In view of the systematics of the effects just described we conjecture that the anomalous dip in the LO frequencies observed at the Γ-point, is due to electron-phonon interaction of the type named after Kristoffel and Konsin. 28 This interaction lowers the phonon frequencies at Γ and can even lead to ferroelectricity when a phonon frequency vanishes (this is almost but not quite the case for PbTe but happens for SnTe, for which the gap is reversed with respect to PbTe. 29, 30 Since the measured LO frequency does not support the presence of the dip calculated for PbTe (and also less strongly for PbSe) we conclude that the dip is due to some as yet unidentified effect of the s-o interaction, probably related to the gap anomalies just described (and to the so-called gap problem ubiquitous in LDA calculations). We have just made a guess as to how the LO band should look like once the problem is removed, and represented it by a dotted red line, for both PbTe and PbSe (cf. Fig. 2 and 3 ). Because of the small volume of k-space encompassed by the dip (∼ 0.1% of the BZ) we believe that this problem should not affect our calculations of heat capacities.
V. PHONON DENSITIES OF STATES AND RAMAN SPECTRA
The densities (DOS) of one-phonon states for the three materials under consideration are displayed in Fig Beside the one-phonon DOS just described, we have also calculated the DOS of twophonon states with total zero wave vector (or, equivalently, equal wave vectors). These DOS are useful for the interpretation of second order Raman scattering since first order Raman scattering is forbidden, cf. Ref. 13 . Two kinds of second order processes are possible, one in which the frequencies of the two phonons add (sum processes) and the other in which they subtract (difference processes). We calculate the DOS for both. In Raman scattering sum processes are present even at T =0 and increase with increasing temperature according to the appropriate statistical factors. Difference processes have vanishing intensity at T =0 and can only be observed with increasing temperature. We display in Fig. 5 for PbSe. No structure has been identified as corresponding to phonon differences, although the band seen in Fig. 5 at ∼ 40 cm −1 , which seems to correspond to differences of TO and LA phonons (see Fig. 1 ), should increase strongly with temperature and be identifiable with a good spectrometer that covers, with little straight light, the corresponding region. 
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VI. HEAT CAPACITIES Figure 6 displays the heat capacities of PbX (X = S, Se, Te) with the natural isotope composition on either constituent. For comparison, also literature data are shown. We have chosen to plot the measured C p (and the calculated C v ) so as to be able to read the data from the plots above ∼ 50 K with some accuracy. Below ∼ 50 K the heat capacities become rather small and it is more convenient to plot C p,v /T 3 , as will be done in the subsequent figure. Notice that at the highest temperatures in Fig. 6 , the heat capacities tend to the Inclusion of s-o interaction yields a maximum 7% higher than the measured one, i.e., 27%
higher than that calculated without s-o interaction. 6 The strong s-o effect calculated for Bi may result from the fact that there are two equal atoms per PC of Bi whereas for the lead chacogenides there is only one heavy atom (Pb) per PC. and (0,0) for (λ Pb ,λ Te ). We have fitted the values of C v /T 3 at 9K (the vertical line in Fig.   8 ), after subtraction of the value for λ Pb = λ Te ) = 0 (i.e., without s-o interaction for both constituents) to four parameters chosen as follows: By minimizing the corresponding variance we find the values of c i given in Table I (Fig. 4) . The peak of the mass derivatives (Figs. 9 and 10 ) takes place at the Einstein frequency (converted into temperature by multiplying by 1.44) divided by 6.25.
Using this procedure, we find for the maximum in The experimental data in this region scatter too much to allow observation of this peak.
The calculated curve, however, should exhibit some structure in this region. Although it is hard to see in Fig. 10 it is possible to detect it if the derivative with respect to T of the mass derivative is plotted. This is done in Fig. 11 . In the lower vignette of this Figure, The experimental data scatter too much to obtain meaningful results). The black curve is the sum of these derivatives. According to Eq. (2), the black and red curves should be indistinguishable. This is indeed the case for T > 30K. At lower temperatures the scatter of calculated and measured points becomes rather large because both C v,p and T 3 are very small. Nevertheless reasonable agreement is found. It is interesting to note that a change in the Pb mass strongly affects the T dependence of C v /T 3 around 5 K whereas the change in the Se mass affects that T dependence in the 30-50 K region.
IX. CONCLUSIONS
We have presented theoretical and experimental investigations of some lattice properties of three lead chalcogenides (PbS, PbSe, PbTe) with rock salt struture. Because of the presence of lead, these materials provide an excellent case study for the elucidation of the effects of spin-orbit interaction on lattice properties as derived from ab initio electronic structure calculations. Among other properties that have been investigated are the lattice parameters, the phonon dispersion relations, the heat capacity and their dependence on isotopic masses. The effect of spin-orbit interaction on the lattice parameters is less than 1% and can be neglected compared with other sources of computational error. Its effect on the lattice dynamics and the corresponding low temperature heat capacities is considerable.
For these properties spin-orbit interaction significantly improves the agreement of theory with experiment. Because of the large scatter in the effect of isotope masses on the heat capacity, related to the small range of of isotope mass available, spin-orbit interaction does not play an important role in the comparison of theoretical and experimental data for the isotope mass dependence of the heat capacity. This dependence can be modeled on the basis of two Einstein oscillators.
We have calculated, from the ab initio phonon dispersion relations, the corresponding density of one-phonon states and those of two-phonon states relevant for optical spectroscopies. The latter have been compared with few extant second order Raman spectra of these materials.
